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We show that the cosmological moduli problem is solved, without relying on huge late-time entropy
production, if the universal cutoff scale of the theory is a few orders of magnitude smaller than the
Planck scale. We obtain a general estimate of the modulus abundance in terms of the inflationary
scale and the reheating temperature, and find in particular that the reheating temperature can be
high enough for the non-thermal leptogenesis to work.
Introduction : Supergravity and string theory are a
plausible candidate for an underlying high-energy the-
ory beyond the standard model. However, these theo-
ries suffer from a serious cosmological problem: the cos-
mological Polonyi/moduli problem [1, 2]. The Polonyi
field is a singlet supersymmetry (SUSY) breaking field in
the gravity mediation. Its mass is of order the gravitino
mass, m3/2, and it has Planck-suppressed interactions
with the standard model (SM) particles. Modulus fields
generally appear in the compactification of extra dimen-
sions in string theory and they obtain a mass of order the
gravitino mass or heavier, depending on the stabilization
mechanism. Their interactions are also considered to be
suppressed by the Planck scale. For simplicity we call
those fields as moduli (denoted by χ collectively), unless
otherwise stated.
The moduli are copiously produced in the early Uni-
verse as coherent oscillations. Because of the long life-
time, they dominate the energy density of the Universe,
thus altering the standard cosmology in contradiction
with observations. The cosmological moduli problem, as
will be reviewed shortly, is so severe that some of the solu-
tions require significant modification of the cosmological
scenarios [3–5] such as huge late-time entropy produc-
tion. Thus some elaborate mechanism is often required
to generate the baryon asymmetry of the Universe [6–8].
An elegant solution was proposed long ago by Linde [9].
It was shown that, if the modulus has a large Hubble
mass squared of c2H2 with c & O(10), the modulus adi-
abatically follows the temporal potential minimum with-
out inducing coherent oscillations. Most importantly,
there is no need for large entropy production, which
makes the leptogenesis scenario viable. This adiabatic
mechanism was studied in detail recently in Ref. [10],
and it turned out that a small but non-negligible amount
of the modulus oscillations is generically induced at the
end of inflation, where the adiabaticity of the modulus
dynamics is necessarily violated. Although the adiabatic
solution in its original form does not work, it may still
remain a viable solution to the moduli problem.
The purpose of this letter is to show that the adiabatic
suppression mechanism indeed works in theory with
a low cutoff scale, taking account of the additional
modulus production at the end of inflation. We will see
that the moduli problem is actually solved for relatively
low reheating temperature and the high inflationary
scale, for a wide range of the modulus mass of our
interest. We believe that this is the simplest solution to
the moduli problem.
Cosmological Moduli Problem : Let us briefly review
the cosmological moduli problem. The modulus in gen-
eral has a Hubble-induced mass squared during and after
inflation, given by m
(eff)2
χ ∼ H2. The potential minimum
during inflation is generally deviated from the true min-
imum by O(MP ), where MP ≃ 2.4 × 10
18GeV is the
reduced Planck mass. When the Hubble parameter be-
comes comparable to the modulus mass mχ, it begins to
oscillate about the true minimum with an initial ampli-
tude χ0 ∼MP . The ratio of the modulus energy density
to entropy density is estimated as
ρχ
s
=
1
8
TR
(
χ0
MP
)2
≃ 1.3×105GeV
(
TR
106GeV
)(
χ0
MP
)2
,
(1)
which is related to the density parameter as
Ωχh
2 ≃ 2.75 × 108GeV−1(ρχ/s). Here we have as-
sumed that the reheating completes after the modulus
begins to oscillate, i.e., TR .
√
mχMP , since otherwise
too many moduli or gravitinos are produced. Such huge
modulus abundance (1) is nothing but a cosmological
disaster for a wide range of the modulus mass. The top
panel of Fig. 1 shows observational constraints on the
modulus abundance as a function of the gravitino mass,
assuming mχ = m3/2. For comparison, the theoretical
prediction (1) for TR = 10MeV and χ0 = MP is shown
as a dashed line. Observational constraints are based on
those described in Ref. [11, 12] with updated constraints
from big-bang nucleosynthesis (BBN) [13]. It is clearly
seen that the expected modulus abundance significantly
exceeds the observational upper bound for the broad
range of the modulus mass.
Moduli Problem in Low Cutoff Theory : Now let us
see how things drastically change in the theory with low
cutoff scale. In fact, as we shall see below, the adia-
batic suppression mechanism is naturally realized in this
framework [14]. Let us take a universal cutoff scale to
2FIG. 1: Upper bound on the modulus abundance as a func-
tion of the gravitino mass is shown by the red solid line. The
top and bottom panels correspond to the cases without and
with the adiabatic suppression, respectively. The theoretical
predictions (1) and (4) are also shown by the black dashed
line. We set TR = 10MeV, Hinf = 10
13 GeV and c = 100.
Also we set mχ = m3/2 and χ0 = MP in the top panel, and
mχ = cm3/2 and χ0 =MP /c in the bottom panel.
be M = MP /c with c & O(10). Although it is not
clear whether all the string-theoretic moduli can have
such properties, at least some of the moduli in the string
theory with a relatively large volume of the extra dimen-
sions compared with the string scale may belong to this
class [15].
The Hubble-induced mass for the modulus is enhanced
as m
(eff)2
χ ∼ c2H2 by the following Ka¨hler potential,
K ⊃
1
M2
|χ|2|Φ|2, (2)
where Φ denotes the inflaton field whose F -term dom-
inates the Universe during and after inflation. In the
case of multi-field inflation model, Φ can be the waterfall
field. Then the modulus adiabatically follows the tempo-
ral potential minimum without inducing sizable coherent
oscillations. As a result, the modulus abundance is ex-
ponentially suppressed [9]. This is the original version of
the adiabatic suppression mechanism. Notice that since
we are considering the theory with lower cutoff scale,
M ∼ MP /c ≪ MP , the perturbativity holds up to the
scale M . Thus the modulus amplitude can at most have
a value of ∼ M . Here it should be noted that there
also could be the non-renormalizable Ka¨hler potential
like K ∼ |Φ|4/M2 and we need to tune the coefficient
of such a term so that it would not spoil the inflaton
dynamics.
Recently, we have studied the mechanism in detail, and
found that the a small but non-negligible amount of the
modulus oscillations is generically induced at the end of
inflation, where the adiabaticity for the modulus is nec-
essarily violated because of the inflaton dynamics [10].
In particular, the abundance is no longer exponentially
suppressed. To be concrete, we consider a multi-field in-
flation model, in which the inflaton superpotential has a
form of W = Xf(φ). The X takes the role of the infla-
ton in the hybrid inflation model [16, 17], while φ does
in the new inflation model [18]. To capture the essential
features of the supergravity potential with the enhanced
coupling (2), we consider the following simplified modu-
lus potential:
V =
1
2
m2χχ
2+
1
2
c2XH
2
1 (χ−χX)
2+
1
2
c2φH
2
2 (χ−χφ)
2, (3)
where cX , cφ ≫ 1, H
2
1 ≃ (|X˙ |
2 + |FX |
2)/3M2P and
H22 ≃ (|φ˙|
2 + |Fφ|
2)/3M2P . The modulus sits at χ ∼ χX
during inflation, but it is no longer the exact minimum af-
ter inflation ends. Since the potential minimum changes
in the timescale of the inflaton mass, which is much
larger than the modulus mass in most inflation models,
the modulus oscillation is induced with the amplitude of
χ0 ∼ (χX − χφ)c
2
φ/c
2
X just after inflation. The resul-
tant modulus abundance is given by the following simple
formula for multi-field inflation models,
ρχ
s
≃
1
8
TR
(
χ0
MP /c
)2(
mχ
cHinf
)
, (4)
where Hinf denotes the Hubble scale during inflation and
we have taken cφ = cX = c for simplicity. This esti-
mate does not depend on the position of the low-energy
true minimum of the potential. Notice that there are
two suppression factors compared with (1). One is the
smaller initial amplitude χ0 ∼ MP /c as expected in the
low cutoff theory. The other is a factor of (mχ/Hinf),
which gives preference to the small modulus mass and
the high inflation scale. On the other hand, for single-
field inflation models [19], the modulus potential is given
by
V =
1
2
m2χχ
2 +
Vφ
M2P
(χ− χ′)2 +
1
2
c2H2(χ− χφ)
2, (5)
where Vφ denotes the inflaton potential energy and the
second term comes from the supergravity effect. (In
Eq. (3), we have neglected this term because it is sub-
dominant.) By noting that Vφ ≃ 3H
2M2P during inflation
3and 〈Vφ〉 ≃ 3H
2M2P /2 after inflation, where the bracket
represents the time average over the inflaton oscillations,
we find that the modulus potential minimum changes
at the end of inflation. Then the modulus amplitude is
given by 3χ0/2c
2 where χ0 = χ
′ − χφ and the resulting
modulus abundance is
ρχ
s
≃
9
32
TR
(
χ0
MP /c
)2(
mχ
c5Hinf
)
. (6)
This estimate is suppressed by c−4 compared to (4). To
be conservative, however, we use the estimate of (4) in
the following.
The couplings of the modulus is also enhanced in theo-
ery with low cutoff scale. First, the modulus couples to
the SM gauge bosons and gauginos through
L =
k
M
∫
d2θχWαW
α + h.c., (7)
where Wα denotes the gauge superfield and k is a con-
stant of order unity. This induces the modulus decay into
the gauge bosons with the rate given by [20]
Γ(χ→ gg) ≃ k2
3m3χ
2piM2
, (8)
if the modulus decay into all the SM gauge bosons are
kinematically allowed. Notice that the decay rate is en-
hanced by a factor of c5 compared with the standard case.
The modulus can also decay into gauginos if such modes
are kinematically allowed. Gauginos obtain masses of
order cm3/2 if there is a singlet SUSY breaking field.
Similarly, sfermions obtain also masses of cm3/2. Thus
if c ≃ O(10), the gravitino is the lightest SUSY particle
(LSP).
Another important decay mode is that into gravitinos.
The modulus gets mixed with the SUSY breaking field
in general and the modulus decay rate into gravitinos
depends on the SUSY breaking sector and the moduli
stabilization. Assuming that the SUSY breaking field is
much heavier than the modulus field and its expectation
values is negligibly small,1 as in the dynamical SUSY
breaking models, we find [5]
Γ(χ→ 2ψ3/2) ∼ 10
−3
m3χ
M2
. (9)
if the modulus is stabilized by the SUSY mass term. On
the other hand, if the modulus is stabilized by the non-
SUSY mass term, the gravitino pair production rate is
suppressed. In this case, however, the modulus decays
into the gravitino plus modulino, the fermionic superpa-
trner of the modulus, and its decay rate is comparable
to (9). Also, if χ is the Polonyi field, its decay rate into
1 The decay rate into the gravitino is enhanced for the large vac-
uum expectation value of SUSY breaking field.
a pair of the gravitinos is given by Eq. (9). Thus we
adopt (9) as the gravitino production rate. The grav-
itino (modulino) can decay into modulino (gravitino) +
2γ by exchanging the modulus if the former is heavier
than the latter. The lifetime of this process, however, is
sufficiently long so that the emitted gamma-rays do not
have observational consequences.
Taking those decay modes into account, we have es-
timated observational constraints on the modulus abun-
dance in this framework. The bottom panel of Fig. 1
shows the observational bounds on the modulus abun-
dance, in comparison with the theoretical prediction for
TR = 10MeV for c = 100, χ0 = MP /c, mχ = cm3/2,
and Hinf = 10
13GeV. It is seen that the modulus abun-
dance is far below the observational bound for almost all
the masses. Therefore, the moduli problem is solved sim-
ply by making the cutoff scale a few orders of magnitude
smaller. No additional entropy production is needed.
In Fig. 2 we show the various upper bounds on the
reheating temperature as a function of the gravitino
mass. Note that the gravitino is the LSP. Here the BBN
constraint on the decay of the next-lightest-SUSY parti-
cle (NLSP) is not taken into account, assuming that the
NLSP decays quickly via R-parity violating operators, if
the lifetime of the NLSP exceeds 1 sec. Notice that there
is a general upper bound on the reheating temperature
in order for the adiabatic suppression to work, which
roughly reads TR . 0.05
√
mχMP [10, 21]. This is
shown by the line labeled as “adiabaticity”. The bound
from the gravitino thermal production is shown as thick
dashed (blue) line [22–25]. It is seen that the moduli
problem is solved for TR . 1TeV for almost all the mass
range. There are some parameter spaces where con-
straints are less severe, around 10GeV . m3/2 . 1TeV.
Implications : Our solution to the cosmological mod-
uli problem has some phenomenological implications.
First of all, because of the bound on TR . 0.05
√
mχMP ,
one of the windows where leptogenesis [26] works,m3/2 .
O(10)eV, is closed. On the other hand, there is a win-
dow around m3/2 ∼ 100GeV where all the constraints
are less severe and the reheating temperature as high as
TR ∼ 10
7GeV is allowed. Then, non-thermal leptogene-
sis [27, 28] is possible. This is very appealing, since the
moduli problem is solved without disturbing a success-
ful leptogenesis scenario. In this case sfermions may be
as heavy as 10TeV, and as a consequence, the lightest
Higgs boson may be as heavy as 120-125GeV. For the
other values of the modulus mass, the reheating temper-
ature is constrained as TR . TeV, and other baryogenesis
scenarios are needed. Notice that the bound can easily
be relaxed by a few orders of magnitude by reducing χ0
slightly or by choosing O(1) constants in (8) and (9) ap-
propriately.
Here are a few remarks. First, as is clear from the
expression (4), the modulus abundance is inversely
proportional to the inflation scale Hinf . Thus, high
4FIG. 2: Upper bound on the reheating temperature as a func-
tion of the modulus mass for c = 100, Hinf = 10
13 GeV and
k = 1. Constraints include BBN, diffuse gamma-ray back-
ground, reionization, thermal gravitino overproduction, LSP
(gravitino) overproduction from the modulus decay and adi-
abaticity.
scale inflation models are favored in this respect.2
In supergravity, chaotic inflation models with a shift
symmetry were proposed [29, 30]. There are also models
in the Jordan frame supergravity [31–34]. More general
arguments are found in recent publications [35]. Also,
the chaotic inflation models are favored since the Z2-
symmetry on the inflaton field can forbid the dangerous
non-thermal gravitino overproduction [36]. Second,
as mentioned below Eq. (4), the modulus abundance
is further suppressed in single-field inflation models.
Although the known single-field inflation model [19] pre-
dicts low inflation scale, Hinf ∼ 10
7GeV, the additional
suppression factor c−4 can easily compensate, making
the single new inflation model viable in this context.
Conclusions : In this letter we have shown that
the notorious cosmological moduli problem is solved if
the cutoff scale of the theory is lower than the Planck
scale. For the cutoff scale of M ∼ 10−2MP , the mod-
ulus abundance is suppressed enough to be consistent
with observations for almost all the gravitino mass
10 eV . m3/2 . 1TeV, or equivalently, the modulus
mass 1 keV . mχ . 100TeV. Although the reheating
temperature is constrained from above (see Fig. 2) ,
no significant modification of the standard cosmology
is needed. In particular, for the gravitino mass of
O(100)GeV, the reheating temperature can be as high
as TR ∼ 10
7GeV and hence non-thermal leptogenesis
is possible. We also note that the modulus abundance
is suppressed for high-energy scale inflation. Thus
high-energy scale inflation models are favored from the
viewpoint of cosmological moduli problem.
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